Abstract. In order to tackle the problems existing in current actuator system for UAV guided missile such as not fast enough MCU as its core, PWM as its command and feedback signal, the obsolete 3-phase bridge driver, this paper studies an upgraded actuator controller and introduces a brand new design scheme. DSP and CPLD is selected as its core, the controller communicates with the flight mission computer via RS422 interface. After calculating the command signal, the controller drives the control surface to reach the expected position and then reports the feedback. The controller designed in this paper works better than the old version of actuator controller, and ground experimental tests show its advantages are low power consumption, great reliability and stability, high precision, and fast response. Later after successful flight tests, the controller can be equipped in UAV airborne short range air-to-ground guided missile.
Introduction
In the UAV airborne short range air-to-ground guided missile, the actuator system receives the command position from the flight mission computer, and then drives the missile control surface to counterattack friction and aerodynamic forces [1] . Upon reaching the expected position, the actuator keeps it and reports the position feedback to the flight mission computer. As long as the command is changed, the control surface position changes with it until the missile hits the intended target. If the guided missile destroys innocent targets, it will cause a big trouble or even international dispute [2] . The actuator system is one of the missile's key components, its performance impacts on hit accuracy and miss distance. Fast response and high control precision is a must when it comes to the actuator system [3] .
The current actuator controller utilized in the air-to-ground missile was developed several years ago. The controller's core is STC microcontroller. With the technology advance and MCU development, it is not fast enough now. Undoubtedly, there is big room for improvement [4] . The command and feedback signal is PWM signal, and STC microcontroller's PWM capture precision limits signal resolution, which could harm hit accuracy severely if not dealt with properly. What's worse, the 3-phase bridge driver selected at that time is going to stop production. Thanks to the inventory control, the actuator controller production can continue. However, it will not last long. It is urgent to develop a substitute. The new actuator controller is designed in this paper based on DSP and CPLD [5] . DSP is its core, communicating with flight mission computer via RS422 interface, acquiring actuator position, conducting control algorithm, generating PWM signal. CPLD assists in generating more PWM for the bridge driver, and conducting brushless motor commutation according to the Hall signals acquired.
Working Principles of the Actuator System
The actuator system is made up of the controller and the electric actuator. As shown in Figure 1 , the power circuit, digital control circuit and driver circuit comprise the controller, while the electric actuator include the brushless motor, harmonic drive reducer, output mechanism and potentiometer.
During flight, the actuator system receives the command signal with certain amplitude and polarity from flight mission computer through the communication interface, which is calculated by the control algorithm, thus producing the control signal. The control signal is amplified by the driver circuit and corresponding PWM signal is generated to drive the brushless motor working. And then the matching of torque and rotational speed is done once again with the help of the harmonic drive reducer. After that, the control surface connected to the electric actuator via output mechanism rotates as the command signal tells. Meanwhile, the real position feedback yielded by potentiometer is reported back to the digital control circuit [6] . If the error between the command and feedback is plus, the control surface rotates in the plus direction; the control surface rotates in the minus direction with minus error; the control surface stays where it is with zero error. Apparently, the process is a typical close loop control. This is how the actuator system follows the command from flight mission computer rapidly and accurately. 
Hardware Design of the Actuator Controller
As a result of complex and integrated hardware, modular design is adopted in the actuator controller design. The specific power circuit is designed to meet the requirement of various circuit power supplies. The controller' core is DSP and CPLD, with TMS320F28069 as the DSP chip and EPM7064STC100 as the CPLD chip. The peripheral circuit includes the communication circuit, feedback process and acquisition circuit, and motor driver circuit. Figure 2 . System power circuit.
Power Circuit
The DC power is the input of the EMI filter, and its output is +28VP. Hardware design of the actuator controller is made up of 3 parts: the power part, the analog part and the digital part. Therefore, the +28VP power is also transformed into 3 parts as shown in Figure 2 . As for the power part, the 3-phase bridge consists of MOSFET and the upper half of 3-phase bridge is powered directly by +28VP. The step-down voltage regulator LM2756-12 transforms +28VP into +12VP for the 3-phase bridge driver IR2132. The 3-terminal positive voltage regulator LM7805 generates +5VP from +12VP for the multi-channel optocoupler ACSL-6400. As for the analog part, the isolated DC-DC converter WRA2412S transforms +28VP into ±12VA for potentiometer. As for the digital part, the isolated DC-DC converter WRB2405S transforms +28VP into +5V for the CPLD chip EPM7064STC100. The low dropout positive regulator REG1117-3.3 is used to get +3.3V from +5V to power up the DSP chip TMS320F28069. The control circuit's core is DSP and CPLD. They collaborate to perform the digital function of the controller. TMS320F28069 is a high-speed and high-precision 32 bit CPU, with rich peripherals and device clock frequency up to 90MHz. There is an on-chip regulator and the core voltage +1.8V can be generated from the digital I/O voltage +3.3V, simplifying the power circuit and reducing power consumption. The peripherals used in the controller design are PWM, SPI, SCI, I
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2 C, and ADC. Among them, PWM signal is sent to the CPLD; SPI is connected to an external AD converter for potentiometer feedback acquisition; SCI is connected to a RS422 transceiver for communication with flight mission computer; I 2 C is connected to an E 2 PROM for parameter storage; ADC collects electric actuator current information. EPM7064STC100 is a high-reliability programmable logic device based on E 2 PROM with up to 175.4 MHz counter frequency, and it is powered by +5V. The CPLD I/O voltage is +5V while the DSP I/O voltage is +3.3V, a problem which can be solved by the 3.3V to 5V shifter SN74LVC4245A. TMS320F28069 generates the PWM signal and the rotation direction signal, and then sends them to EPM7064STC100. The Hall sensor signal of the brushless motor is also sent to EMP7064STC100. As the Hall signal changes, it conducts brushless motor commutation and generates corresponding PWM signal for the 3-phase bridge driver. In this way, the motor rotates. Because of long transmission distance, fast transmission speed, great anti-interference ability and point-to-multipoint communication [7] , RS422 interface is selected to replace the previous PWM signal as the communication interface between the actuator system and the flight mission computer. As shown in Figure 4 , MAX3490 serves as the RS422 transceiver in the communication circuit. It features full-duplex communication, and its data transmission rate can be up to 10 Mbps. MAX3490 is able to operate form a single 3.3V supply, so its driver and receiver can be connected directly to SCITXD pin and SCIRXD pin of the DSP respectively.
Communication Circuit

Feedback Process and Acquisition Circuit
In the actuator system, the potentiometer is mounted in the output mechanism coaxially and it provides the real-time position feedback of the control surface. The potentiometer is powered by ±12VA, and the analog voltage in the range from -12VA and +12VA is produced to indicate the position feedback. Although the 12 bit DSP ADC can meet the requirement of data acquisition precision in the actuator system, it operates from 3.3V power supply, with full range analog input is 0V~3.3V. It doesn't tolerate the negative analog voltage input. For convenience, an ADC with bipolar input is needed in the feedback process and acquisition circuit. As shown in Figure 5 , the potentiometer feedback is amplified via OP284, output of which is filtered and limited. Filtering can eliminate the analog noise signal, thus sending relatively clean analog signal to AD7324, an ADC selected in this design. The AD7324 input is the OP284 output voltage, whose limitation is essential to reduce the risk of burning out AD7323 with pretty high spike voltage. 
Motor Driver Circuit
As shown in Figure 6 , the motor driver circuit contains 3-phase bridge driver, MOSFET and motor current sensing circuit. The digital control circuit generates PWM signal and sends it to the motor driver circuit. Electrical isolation from the digital control circuit is considered in the motor circuit design, which is realized via multi-channel and high-speed optocoupler ACSL-6400. Outputted from ACSL-6400, the PWM signal is input of 3-phase bridge driver IR2130, which drives the MOSFET. For the purpose of reduced power loss, low heat productivity and high frequency switching, IRF7749L1 is the selected MOSFET. Its advanced DirectFET packing achieves rather low on-state resistance, a key factor that helps to attain that goal. The motor starting current can reach 10A, and the rated current is no less than 3A. It had better not fulfill motor current detection by series resistor, which violates electrical isolation and increases power consumption. An alternate method is taken, with the hall effect-based liner current sensor ACS712 doing that job. The ACS712 outputs analog voltage that varies linearly with the sensed current within the range specified. In this design, its output is between 1.5V and 2.5V when the motor current ranges from 0 to 10A. The DSP ADC acquires that analog signal and calculates the motor current. 
Software Design of the Actuator Controller
The software design plays a significant role in the system performance improvement. A good design features proper structure, easy readability, convenient portability, strong expansibility and high reliability. The controller software contains the DSP software and CPLD software. The DSP software accomplishes control algorithm and digital control, and the CPLD software works on logical control. The TI software project template offers reference, and there is further configuration and modification in the DSP software design. The foreground-background structure in this design works efficiently. The main program in the foreground initiates all the peripheral modules while the interrupt subprogram in the background completes complex algorithm, communication and control in real time.
The interrupts used are the Cputimer0 interrupt (algorithm operation, SPI and SCI transmission trigger), SCI TX and RX interrupt (RS422 communication with the flight mission), SPI RX interrupt (position feedback acquisition) and ADC interrupt (motor current acquisition). As is shown in Table 1 , the command and feedback data frame for communication between the actuator system and the flight both consist of 12 bytes, differences of which are the frame header and data in byte2-byte9. By virtual of the CPLD's powerful parallel operation capability, the CPLD software acquires hall sensor signal for motor commutation and generates PWM signal for the motor driver circuit at the same time. In order to validate performance of the actuator controller designed in this paper, several experiments are conducted. The actuator system for air-to-ground guided missile demands high precision and fast response. Two sets of experiment are conducted, with the command from 0°to 10° and from 10°to 0°respectively, the step response is shown in Fig. 7 . Data analysis reveals that the response time is less than 0.1s and the overshoot is less than 1%.The sinusoidal signal with its frequency 10Hz and its amplitude 3°is given [8] , the corresponding response is illustrated in Fig. 8 , result of which indicates that there is almost no amplitude attenuation and the phase shift is just 55°. The controller's performance satisfies the demanded performance and it is even better than required.
Conclusion
The actuator system performance exerts a big influence on UAV airborne short range air-to-ground guided missile. Due to disadvantages of the current actuator controller designed several years ago, the updated controller is designed in this paper with DSP and CPLD as its core. The actuator controller is tested in laboratory. The step response and frequency response verify its powerful performance in ground tests besides low power consumption and great reliability. Not only does the controller speed up the response, driving the control surface to the command position rapidly, but also it brings high steady precision. The guided missile in-flight tests will be conducted later, and achievement of expected hit accuracy and desired miss distance will prove that the controller can replace the current actuator controller and be widely equipped in UAV airborne short range air-to-ground guided missile in the future.
